f " REPORT DOCUMENTATION PAGE Form Approved

Public reporting burden for this coliection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
July 1999 Annual (1 Jul 98 - 30 Jun 99)

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Regulation of Breast Tumor Angiogenesis by Interactive FGFR-Notch Signaling DAMD17-97-1-7172

6. AUTHORI(S)

Mann, David M., Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESSIES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

American Red Cross
Rockville, Maryland 20855

9. SPONSORING / MONITORING AGENCY NAME(S} AND ADDRESSI(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public releasé; distribution unlimited

13. ABSTRACT (Maximum 200 words)

Since tumor cell migration and growth are dependent upon the formation of new blood vessels, it should be possible to
manipulate invasive breast carcinoma by the inhibition of angiogenesis. This premise assumes that the restriction of the nutrients
derived from blood should sustain the regression of solid tumors in man. Indeed, studies with human breast carcinoma have
demonstrated an excellent correlation between tumor size, metastasis and support from the capillary network which comprise the
fnicrovasculature. It has also been established that tumor size and metastasis can be regulated by the migration, growth, and
differentiation of the endothelial cell, effectors that either repress endothelial cell migration and/or growth or modify endothelial cell
differentiation promise to provide new therapies for the clinical management of human angiogenic-dependent diseases. We have
recently identified a novel hormone-receptor pathway which is involved in the regulation of angiogenesis. This hormonal signaling
pathway is evolutionarily conserved between human and invertebrates and is a major pathway that signals the fate of cells during
development. We have also identified the genes that may enable this pathway to be utilized specifically by the endothelial cell and
interestingly, these genes are utilized by the mouse mammary tumor virus to manipulate similar events during the viral induction of
mammary carcinoma in mice. Indeed, preliminary data suggest that the manipulation of one of these genes in cell culture regulates
the migratory phase of the angiogenesis pathway. Thus, support is requested to confirm the hypothesis that Jagged-induced signaling
through the endothelial cell-specific Notch-4 receptor antagonizes the chemotactic activity of the proangiogenic fibroblast growth
factors. We suggest that these results may ultimately provide new and novel approaches to the clinical management of human breast
carcinoma by the regulation of tumor angiogenesis.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Breast Cancer 33
16. PRICE CODE -

17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION |19. SECURITY CLASSIFICATION [20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified Unlimited
Standard Form 298 (Rev. 2-89)

NSN 7540-01-280-5599r10 QUALITY INSPECTED 4 2 Prescribed by ANSI Std. Z39-18 298-102 USAPPCV1.00




DTIC QUALITY INEPECTED 4

GRANT NUMBER DAMD17-97-1-7172

TITLE: Regulation of Breast Tumor Angiogenesis by Interactive
FGFR-Notch Signaling

PRINCIPAL INVESTIGATOR: David M. Mann, Ph.D.

CONTRACTING ORGANIZATION: American Red Cross
Rockville, Maryland 20855

REPORT DATE: July 1999
TYPE OF REPORT: Annual

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for public release;
distribution unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.




FOREWORD

Opinions, interpretations, conclusions and recommendations are
those of the author and are not necessarily endorsed by the U.S.
Army.

Where copyrighted material is quoted, permission has been
obtained to use such material.

Where material from documents designated for limited
distribution is quoted, permission has been obtained to use the
material.

Citations of commercial organizations and trade names in
this report do not constitute an official Department of Army
endorsement or approval of the products or services of these
organizations.

. In conducting research using animals, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory
Animals," prepared by the Committee on Care and use of
Laboratory Animals of the Institute of Laboratory Resources,
national Research Council (NIH Publication No. 86-23, Revised
1985).

For the protection of human subjects, the investigator(s)
adhered to policies of applicable Federal Law 45 CFR 46.

i~ In conducting research utilizing recombinant DNA
technology, the investigator(s) adhered to current guidelines
promulgated by the National Institutes of Health.

&/, In the conduct of research utilizing recombinant DNA, the
investigator(s) adhered to the NIH Guidelines for Research
Involving Recombinant DNA Molecules.

In the conduct of research involving hazardous organisms,
the investigator(s) adhered to the CDC-NIH Guide for Biosafety
in Microbiological and Blomedlcal Laboratorles.

Dellin. e 7/1/77

ﬂ/:» /(/1/\_\ 0b-l-47

PI - Signature ) Date




Table of Contents
Item

Front Cover

SF298

Foreword

Table of Contents
Introduction

Body

Key Research Accomplishments
Reportable Outcomes
Conclusions
References

Appendices

Page

10

11




Introduction:
The object of this proposal is to assess the role of Jagged-1 as a modifier of angiogenesis,

an event important for the development of breast tumor growth and metastasis.




Body:

The following have been accomplished:
)] construction of stable ECV and NIH 3T3 soluble Jagged-1 transfectants
(ii)  construction of stable int-3/Notch transfectants

(iii)  expression of multiple myc-epitope-tagged soluble Jagged-1 protein




Key Research Acoomplishments:

®

(i)

(iif)

(iv)

soluble Jagged-1 induces collagen type 1-dependent tube formation in NIH 3T3
and ECV cells in vitro

soluble Jagged-1 induces a novel angiogenic pattern of neovessels in the chick
CAM assay

soluble Jagged-1 induces a FGF-1-dependent transformation of NIH 3T3 cells in
vitro

soluble Jagged-1 represses the migration of serum-induced NIH 3T3 cells




Reportable Qutcomes:

@) Wong, M.K.K., Prudovsky, L., Vary, C., Booth, C., Liaw, L., Mousa, S., Small,

D., and Maciag, T. (1999) J. Biol. Chem.(Rapid Commun.) submitted.




Conclusions:
@)
(i1)
(iif)

Jagged-1 is a potent angiogenesis factor
Jagged-1 modifies the endothelial cell differentiation pathway
Jagged-1 functions as a non-transmembrane protein as an effector of Notch

receptor signaling




References:

See Appendix

10




Appendix:

Enclosed are the appropriate copies of Wong, et al.

11




To: J. Biol. Chem., Rapid Commun. (1999)

Jagged-1 Regulates the Formation of Matrix-Dependent Chord-Like
~ Structures In Vitro and Angiogenesis In Vivo

M.K K. Wong*, I. Prudovsky, C. Vary, C. Booth, L. Liaw,
‘ S. Mousa**, D. Small, and T. MaciagI

*Division of Hematology-Oncology
University of Pittsburgh Cancer Institute
Pittsburgh, PA 15213

**Cardiovascular Biology Group
DuPont Pharmaceuticals
Wilmington, DE 19880

Center for Molecular Medicine
Maine Medical Center Research Institute
South Portland, ME 04106

¥To Whom Correspondence Should Be Addressed: Ctr. for Mol. Med., Maine Med. Ctr. Res.
Inst., 125 John Roberts Rd, S. Portland, ME 04106; Phone, (207) 761-9783; Fax (207) 828-8071;

Email, maciat@mail.mmc.org

Acknowledgements: The authors thank A. Blier for expert administrative assistance. This
research effort was supported by grants HL32348 and AG07450 from the NIH and the U.S.
Army Breast Cancer Research Program to T.M. This manuscript is dedicated to the memories of
Werner Risau and Russell Ross, two friends and colleagues.

Abbreviations: chorioallantoic membrane, CAM; fetal bovine serum, FBS; fibroblast growth
factor, FGF; open-reading frame, ORF; phosphate-buffered saline, PBS; polymerase chain
reaction, PCR; serial analysis of gene expression, SAGE; vascular endothelial growth factor,
VEGF.




ABSTRACT

Jagged-Notch interactions regulate a transmembrane ligand-receptor signaling pathway involved
in the regulation of cell fate determination as well as myoblast and endothelial cell
differentiation. To further examine the role of the transmembrane ligand, Jagged-1, in the
regulation of endothelial cell differentiation (Zimrin, A.B., Pepper, M.S., McMahon, G.A,,
Nguyen, F., Montesano, R. and Maciag, T. (1996) J. Biol. Chem. 271:32499-32505), we stably
transfected NIH 3T3 cells with a truncated form of Jagged-1, which results in the secretion of a
soluble form of the protein. Comparison of gene expressionv By serial analysis demonstrated that
pro-a-2(I) collagen was repressed in soluble Jagged-1 transfectants. ~When plated on
extracellular matrices, soluble Jagged-1 transfectants formed prominent chord-like structures on
type 1 collagen but not on fibrin, fibronectin or vitronectin. While the soluble Jagged-1
transfectants exhi'f)ited growth kinetics similar to control cells and were unable to grow in soft
agar, the cells were less sensitive to contact inhibition of growth in vitro and soluble Jagged-1
allografts formed tissue masses in nude mice after a prolonged latency period. Because these
tumor-like structures exhibited an abundance of host-derived microvascular endothelial cells, the
angiogenic potential of the soluble Jagged-1 transfectants was assessed by implantation of the
transfectants in the chick chorioallantoic membrane assay. Indeed, these cells were not only able
to induce angiogenesis but werer also able to direct the formation of large macrovessel-like
structures. These data suggest that Jagged-1 is able to initiate angiogenesis by the organization
of matrix-sensitive cell-cell interactions including its ability to promote the development of

chord-like structures.




INTRODUCTION

Angiogenesis is an integral part of physiologic and pathologic processes such as
embryonic development, wound repair, solid tumor growth, and chronic inflammation, and
involves the ability of the endothelial cell to coordinate migration, proliferation, and
differentiation pathways to form new vascular structures (1,2). While the ability of the
angiogenic growth factors such as vascular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF) to initiate endothelial cell migration and growth are well described (3,4), the
identification of factors involved in the regulation of the tubular, chord-like vascular phenotype
has been difficult to access. We have previously reported that the transmembrane protein,
Jagged-1, a ligand for its transmembrane receptor Notch (5), is involved in the regulation of
human endothelial cell differentiation in vitro (1). Jagged:Notch interactions mediate an
evolutionarily conserved intercellular signaling pathway responsible for the regulation of
developmeﬁtal cell fate decisions in vivo (6) and cellular differentiation in vitro (7,8). During
the cloning of the human Jagged-1 gene, two cDNA clones were isolated which contained
identical deletions resulting in the insertion of 15 novel amino acids followed by a premature
termination of the Jagged-1 sequence prior to the domain encoding the transmembrane and
intracellular sequences (1). Since this truncated Jagged-1 cDNA contained the Jagged-1 signal
péptide sequence, we anticipated that cells transfected with this construct would secrete the
truncated ectodomain of Jagged-1 as a soluble and extracellular form of the Jagged-1 protein and
this would eliminate the transmembrane constraints imposed upon the Jagged-1 ligand to signal
by an intercellular pathway. We report that human soluble Jagged-1 is an angiogenesis factor in

vivo which is able to influence the formation of a chord-like phenotype in vitro.




MATERIALS AND METHODS

Soluble Jagged-1 Plasmid Construction: The soluble myc epitope-tagged Jagged expression
vector was generated using two separate sequential polymerase chain reaction (PCR) protocols.
Overhang PCR was used to place a consensus Kozak sequence 5' to the Jagged-1 open-reading
frame (ORF), and to truncate Jagged-1 immediately 5' to the transmembrane domain. This
construct was assembled by ligating the PCR-modified 5' and 3' amplicon into the shuttle
plasmid, MW27, which consists of the full-length Jagged-1 cDNA in pBlueScript and was
subcloned into the eukaryotic expressiori vector pMexneo (9) using the newly engineered 5'
EcoR1 and 3' Xho 1 sites to produce the final product. The forward primer used for the §'
modifications was 5'-GACTATGCGAATTCGGATCCGTCGACGCCACCATGGGTTCCCCA
CGGACACGCG and reverse primer was 5'-CAAGTTCCCCCGTTGAGACA, where the Kozak
sequence is underlined. The forward primer used for the 3' modification was 5'-
ATGGACAAACACCAGCAGAA and reverse primer was 5-TAGTGCTCGAGCTATTACAA
GTCTTCTTCAGAAATAAGCTTTTGTTCATCTGTTCTGTTCTTCAG, where the myc
epitope is underlined. The template used for PCR was the complete human Jagged-1 ORF
originally obtained from Dr. G. Gray (Yale University). Reactions were performed using Vent
polymerase (New England Biolabs) in 1X Vent buffer as recommended by the manufacturer.
The thermal cycling parameters consisted of 94;’C (1 min) followed by 35 cycles at 94 °C (30
sec), 62 °C (30 sec), 72 °C (30 sec) followed by a 10 min hold at 72 °C before termination at 4
°C. The 5' PCR-modified product was digested with EcoRI and BglIl, electrophoretically
resolved on a 1% (w/v) agarose gel, electroeluted, and ligated with a similarly digested MW27 to
create MW13 using standard protocols (10). The modified 3' PCR-amplified product waé

similarly processed except that restriction digestion utilized Xhol and Accl. The ligation was




performed with a similarly digested MW13 to yield MW32. This 5'-Kozak-truncated Jagged-1
3'-myc-tagged pBlueScript construct was digested with EcoRI and Xhol and ligated into
pMexneo. All restriction enzymes and buffers were obtained from New England Biolabs and
two soluble Jagged-1 transfectant clones, 38-1 and 38-4, and one insert-less vector transfectant
clone were used for experimentation.
Cell Transfection, Inmunoprecipitation and Matrix Preparation: NIH 3T3 cells were
transfected with MW?38 using the calcium-phosphate kit (Stratagene) and G418 (Gibco/BRL)
selection. Stable soluble Jagged-1 transfectants were grown and maintained in DMEM
(GIBCO/BRL) supplemented with 400 pg/ml G418 and 10% (v/v) fetal bovine serum (FBS)
(HyClone, Logan, UT). G418-resistant cells were grown to confluency in DMEM containing
10% (v/v) FBS, the cells washed twice in phosphate-buffered saline (PBS) and incubated with
labeling media consisting of cys- and met-free DMEM supplemented with 1X Nutriderma
(Gibco/BRL) and 0.4 pCurie/ml of [33S]-met/cys mixture (DuPont-New England Nuclear). After
4 h, the labeling medium was removed, the cells washed once with ice cold PBS, scraped into
1.0 m! of PBS and pelleted. The cell pellets were resuspended in RIPA lysis buffer containing 1
mM PMSF, 10 pg/ml aprotinin and 1 pg/ml leupeptin (Sigma), clarified by centrifugation
(13,000 xg for 10 min) and incubated with 30 ul of Protein-A Sepharose (Pharmacia) which had
been complexed with 9E10 monoclonal antibodies to the Myc epitope (Oncogene). The
immunoprecipitates were washed four times with RIPA buffer, dissolved in 50 pl of 2X SDS
sample buffer, and resolved in 8% (v/v) SDS-PAGE as described (11).

To assess the secretion of soluble Jagged-1, the conditioned:' ‘medium (1 ml) from the

[**S]-met/cys-labeled cells were collected in 1 mM PMSF and 10 pg/ml.aprotinin then incubated




with 50 ‘pl of Protein A-Sepharose and treated as outlined above except that the
immunoprecipitates were washed six times prior to being dissolved in SDS sample buffer.

Cell culture dishes were coated with 10 pg/em’ of human fibronectin for 2 h, the
fibronectin removed and the plates washed three times with sterile PBS. Collagen gels were
formed in 6 well plates by mixing type I collagen (Vitrogen 100, Collagen Corporation), 10X
DMEM (Gibco/BRL), and sodium bicarbonate (11.8 mg/ml) in a 8:1:1 (v/v) ration on ice and
then quickly dispensed (1.5 ml) into the individual cell culture dishes. The collagen mixture was
allowed to gel for 1 h prior to use. Soft agar growth assays were performed as previously
described (12).

Serial Analysis of Gene Expression (SAGE): The SAGE method was performed as previously
described (13,14). Briefly, polyA™ RNA derived from insert-less vector control and soluble
Jagged-1 NIH 3T3 cell transfectant-derived polyA+ RNA were converted to ds-cDNA (cDNA
Synthesis System, BRL) using 5'-biotinyl-dT ;s (Integrated DNA Technologies, Inc.). The cDNA
was cleaved with Nlalll, the 3'-biotinylated fragments captured on streptavidin-coated magnetic
beads (Dynal), the bound cDNA was divided into two pools, and one of the following linkers
containing recognition sites for BsmFI and a Nlalll complementary terminus was ligated to each
pool: linker 1,5-TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATAGGGACATG-3,
5" TCCCTATTAAGCCTAGTTGT ACTGCACCAGCAAATCC (amino-C7)-3' and linkef 2,5
-TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGGGGACATG-3',5TCCCCGTACATC
GTTAGAAGCTTGAATTCGA GCAG (amino-C7)-3'. SAGE tags were released with BsmFI,
the tag overhangs filled in with T7 polymerase, ligated using T4 DNA ligase (BRL) overnight at

25 °C, diluted and amplified by PCR for 28 cycles (primers: 5'-GGATTTGCTGGTGCA

GTACAACT-3' and 5'-CTGCTCGAATTCAAGCTTCTAAC-3"). The product was fractionated




by PAGE, the 104 bp, product containing two tags ligated tail to tail (ditag), excised and
extracted from the gel, cleaved with Nlalll, and the ditags purified by gel electrophoresis,
excised and self-ligated to produce ditag concatamers (13,14). The concatenated products were
separated by PAGE, products between 300 bp and 800 bp were excised and cloned into the Sphl
site of pZero (Invitrogen). Colonies were screened for insert size by PCR with M13 forward and
M13 reverse primers. Clones were introduced into 25 pl PCR reactions containing 0.5uM M13
forward and reverse primers and subjected to thermal cycling (25 cycles) consisting of 20 sec at
95°C, 1 min at 52°C and 1 min. at 72°C. Clones selected on the basis of insert size were
subjected to automated fluorescent DNA sequence analysis using rhodamine dideoxynucleotide
terminator chemistry according to the instruction of the manufacturer (Applied Biosystems, Inc.)
Sequence files were analyzed by means of the SAGE program group, which identifies the
anchoring enzyme site with the proper spacing, extracts the two intervening tags, and records
them in a database. The potential identities of the tags were established by their presence in
GenBank or DbEST databases (release 109).
Assessment of Soluble Jagged-1 NIH 3T3 Cell Transfectant Behavior In Vivo: The soluble
Jagged-1 NIH 3T3 cell transfectants were grown to confluence under G418 selection and 24 h
prior to injection the medium was changed to DMEM containing 10% (v/v) FBS. The
transfectants- were washed with PBS, harvested by trypsin digestion and resuspended in
sterile/pyrogen-free PBS prior to injection. The cells were >95% viable by trypan blue exclusion
and were free of mycoplasma and indigenous murine viruses including mouse hepatitis,
adenovirus, pneumonia, cytomegatovirus and sendai (Anmed/Biosafe Inc, Rockville, MD).
Female athymic nude mice (nwnu) between 8-12 weeks of age (NCI—FCRDC) received 150

mg/kg of cyclophosphamide in pyrogen-free water by the intraperitoneal route 24 h prior to




injection and 200 pl of cell suspension (10° cells) was injected intradermally into the right flank.
Following euthanasia, tissue growths were exposed by dissecting along the subcutaneous tissue
plane and the tissue masses removed, fixed in 10% (v/v) buffered formalin and processed for
paraffin sectioning and hematoxylin and eosin staining. Representative portions of these masses
were also embedded in O.C.T. compound (Miles Scientific, Elkhart, IN) and snap frozen in 2-
methylbutane (E.M. Science, Gibbstown, NJ) on dry ice. Frozen sections were placed onto glass
slides, fixed in chilled acetone and dried. Immunohistochemistry was performed using the ABC
system (Vector) and a 1:200 dilution of a rat-derived anti-CD31/PECAM (Pharmingen).

The chick chorioallantoic membrane (CAM) angiogenesis assay was performed as
previously described (15,16) and utilized 2.5x10° lethally irradiated soluble Jagged-1 NIH 3T3
cell transfectants per CAM. Recombinant human FGF-2 (10 ng) and insert-less vector NIH 3T3
cell transfectants served as positive and negative controls, respectively. The assay was harvested
4 d post-implantation and the angiogenic index quantitated by computer-assisted morphometric
analysis of vessel number.

RESULTS AND DISCUSSION

The soluble Jagged-1 transfectants were analyzed for Jagged-1 expression by
immunoprecipitation of [**S]-cys/met-labeled cells. As shown in Figure 1, SDS-PAGE analysis
of the myc epitope immunoprecipitants resolved a band of aﬁproximately 130 kDa in both cell
lysate and conditioned medium which corresponds to the size predicted by the mass of the
soluble Jagged-1 myc epitope translation product. Analysis of differential gene expression by
SAGE also revealed that the soluble Jagged-1 transfectants were 'able to differentially express
227 transcripts containing either known or novel sequences. Thesé results have been posted

(http:\\Zappa.mmcri.mmc.org\~varyc\sjag) and a selected number are listed in Table 1.




Interestingly, enhancer of split groucho (X73360), type IV collagenase (X84324), connexin 32
(M63802), cathepsin D (Z53337), and vimentin (X51438) were among the 163 known transcripts
expressed with an enhanced level by the soluble Jagged-1 transfectants and pro-a-2(I) collagen
(X58251), FGFR-1 (M33760) and IkB-B (U19799) were among the 64 known transcripts with
apparent reduced levels of expression.

Since pro-a-2 (I) collagen expression appeared to be prominent among the repressed
transcripts and collagen matrixes are known modifiers of cellular phenotype in vitro (17), we
plated the soluble Jagged-1 transfectants on type 1 collagen. As shov?zn in Figure 2, the soluble
Jagged-1 transfectants exhibited a chord-like phenotype with the formation of an interlacing
arborizing pattern. This chord-like phenotype was also observed when the soluble Jagged-1
transfectants were plated on plastic at low cell seed density (Figure 2) in which groups of cells
organize into chord-like arrays one to two cells in width. While these structures progress
through the arboring phase, the monolayer assumes a normal NIH 3T3 cell phenotype as the
population density nears confluence. On occasion, these structures are readily visible in the
confluent monolayer and can extend several millimeters in length. In contrast, soluble Jagged-1
transfectants did not exhibit a chord-like phenotype on either fibrin-, fibronectin- or vitronectin-
coated surfaces (data not shown). Likewise_, neither wild type NIH 3T3 cells (Figure 1) nor
insert-less vector NIH 3T3 cells transfectants exhibit this chord-like phenotype éither on plastic
or on a collagen type-I matrix.

A comparative assessment of the proliferative potential of the soluble Jagged-1
transfectants with insert-less vector transfectants revealed that the population doubling time was
not altered when cells were subconfluent and this was consistent with the absence of a

transformed in vitro phenotype including the failure of the Jagged-1 transfectants to grow in soft




agar (data not shown). However, the soluble Jagged-1 transfectants were not sensitive to contact
inhibition of growth (Figure 3) and as a result, we assessed their potential to form tumors in
athymic nude mice. We observed that the soluble Jagged-1 transfectants were able to form tissue
masses (Figure 4A) but only after an extended latency period of approximately 8 weeks. Full
necropsy of these animals did not reveal any evidence of local or distant metastases and gross
dissection of these tissue masses revealed prominent angiogenesis characterized by 1-2 large
feeder vessels, each giving rise to a rich percolating network of smaller vessels visible on the
surface of the tissue mass (Figure 4A). Histologic examination further revealed large numbers of
capillaries on the surface that penetrated into the body of the tissue mass yielding slit-like blood
spaces (Figure 4B). Immunohistochemical analysis of the endothelial cell-specific marker,
CD31 (PECAM), revealed not only the presence of microvessels but also a plethora of CD31-
positive cells organized as a collection of either noncontiguous single cells or sharply angulated
short linear arrays (Figure 4C and D). Interestingly, unlike the well-formed intratissue mass
microvessels, very few of these groups of CDﬁl-positive cells contained blood, nor were they
associated with intratissue mass blood spaces (Figure 4C and D).

Since primary in vitro cell isolates of the soluble Jagged-1 transfectants obtained from
these tissue masses by G418 selection demonstrated their ability to form chord-like structures
and re-implantation into nude mice demonstrated their ability to develop angiogenic tissue
masses with a similar latency period (data not shown), we examined the angiogenic potential of
the soluble Jagged-1 transfectants in the conventional chorioallantoic membrane (CAM)
angiogenesis assay (15,16). As shown in Figure 5, the implantation of the soluble Jagged-1
transfectants yielded a prominent angiogenic response similar to the positive control, FGF-2

while the insert-less vector transfectants did not. Interestingly, the soluble Jagged-1 CAM also

10




exhibited the formation of prominent macrovesseis, a novel and unusuél feature which has not
been previously observed with other angiogenic factors such as FGF (Figure 5) and VEGF(18).

Although we identified the human Jagged-1 transcript as a gene modified during the early
stage of in vitro angiogenesis (19), the data reported here establish a role for the soluble form of
Jagged-1 as an inducer of angiogenesis in vivo. Indeed, the function of Jagged-1 may be
involved in directing the formation of a chord-like phenotype during the organization component
of the non-terminal endothelial cell differentiation pathway (20). While transmission electron
microscopic analysis of the chord-like structures revealed prominent interdigitations between
cells with close membrane-membrane apposition (data not shown), a distinct lumen with
interdigitation of the plasma membrane was not readily observed despite their resemblance to the
tubular phenotype observed with in vitro populations of endothelial cells (21). We suggest that
absence of a readily visible lumen in the chords formed by the soluble Jagged-1 NIH 3T3 cell
transfectants may be either a consequence of another gene product, the absence of appropriate
rheologic conditions or the absence of another genomic requisite not present in the NIH 3T3 cell.
We further suggest that it is likely that another gene product may be responsible for lumen
formation since the majority of the CD31-positive chord-like structures established in the soluble
Jagged-1 tissue masses in vivo, also do not exhibit evidence of blood flow.

These data are consistent with the recent genetic observation that the Jagged-1 null
mouse exhibits normal vasculogenesis but an abnormal and early lethal embryonic angiogenic
phenotype including defeets in the remodeling of the yolk sac and embryonic vasculature (20).
Likewise, the observation that mutations in the human Notch-4 gene are responsible for the
formation of CADASIL, a systemic vascular disease (22) is also consistent with the concept that

Notch signaling is an important component of vascular physiology in man. It is also noteworthy
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that the observation relating the repression of Jagged-1 function in human endothelial cells to an
exaggeration of the ability of FGF but not VEGF to induce sprout formation also correlates well
with the role of VEGF but not FGF as a mediator of vasculogenesis since the Jagged-1 null mice
exhibit hemorrhage as a result of the failure to form the large vitelline blood vessels, a process
mediated by angiogenesis (20). We suggest that this defect may ultimately involve enhanced
endothelial cell sprout formation and a failure of the mutant vasculature to form chords.

The function of the ectodomain of Jagged-1 as a biological response modifier is also
coﬁsistent with the recent observation (23) that the enzymatic function of kuzbanian, an ADAM
metalloprotease gene family member (24), is required for the activity of the Drosophila Notch
ligand, Delta. Although it is not known whetﬁer a proteolytic modification of the Drosophila
Jagged-1 homolog, Serrate (25), requires a similar proteolytic modification, our data do suggest
that the ectodomain of Jagged-1 may function in the absence of its transmembrane domain as an
extracellular protein.

These data also add to the emerging céncept that Notch-Jagged signaling may play an
important role in neoplasia. Notch receptor expression is up-regulated in cervical cancer, Notch
mutants can induce neoplastic transformation in the mammary and salivary glands, and Notch
translocation is associated with human T cell lymphoblastic neoplasms (26). Recent studies with
hﬁman cervical carcinoma specimens demonstrate that Jagged-1 is absent in normal cervix, and
is overexpressed, along with Notch, in malignant cervical adenocarcinoma (27). The observation
that the Jagged-1 transcript is present in metaplastic lesions argues that it may be involved in
early pre-malignant lesion development. We therefore suggest that Jagged-1 may possess a
multifaceted role in carcinogenesis by directly influencing cell-fate decisions iﬁ the neoplastic

cells and by regulating endothelial cell chord development during angiogenesis.
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FIGURE LEGENDS

Figure 1. Autoradiographs of myc-immunoprecipitates from NIH 3T3 cells grown in the
presence of [*5S]-labeled cysteine and methionine. Stable myc-tagged soluble Jagged-1 (sol-
jag) NIH 3T3 transfectants were compared to the parental wild-type NIH 3T3 cell line (wt).
Conditioned media and cell lysates were obtained from the same population of cells. Arrow

indicates the position of the [¥*S]-cys/met-labeled soluble Jagged-1 protein.

Figure 2. Formation of Chords by Soluble Jagged-1 Transfected Cells. Vector-transfected
control NIH 3T3 cells (A,C) and soluble Jagged-1 NIH 3T3 cells (B,D) were plated at 2x10*
cells per cm? on either cell culture plastic (A,B) or on collagen (C,D). Two days after plating,
the soluble Jagged-1 transfectants formed multicellular chords on plastic (B) and collagen (D).

Phase contrast x100.

Figure 3. Growth Kinetics of Soluble Jagged-1 and Insert-Less Vector NIH 3T3 Cell
Transfectants. Cells were plated at a cell seed density of 1x10* cells/cm? and counted daily in
quadruplicate. Both vector and soluble Jagged-1 populations reach confluence at approximately

four days after plating. Data are reported as the mean =+ standard error of the mean.

Figure 4. Soluble Jagged-1 Tissue Mass Formation in Nude Mice. (A) Deep dermal view of
a soluble jagged tissue mass 10 weeks after intradermal injection into the flank of a nude mouse.
Note the prominent angiogenesis and the arborizing microvessels over the deep surface. (B)
Hematoxylin and eosin stain of a paraffin section of the same tumbr showing the prominent

surface blood filled capillaries, penetrating vessels, and intra-tumor blood islands; magnification
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is 100X. (C) Low magnification view (100X) of a frozen section of the same tumor showing
immunohistochemical localization of CD31 (PECAM). Two cross sections of a microvessel are
evident along with a high density of CD31 positivity which, upon higher (500X) magnification

(D) is comprised of groups of single cells or angulated collection of CD31-positive cells.

Figure 5. Induction of Angiogenesis in the Chicken CAM Assay. Vector-transfected control
NIH 3T3 cells (A), soluble Jagg;:d—l NIH 3T3 cell transfectants (B) and FGF-2 (C) were
assessed for their ability to induce angiogenesis in the CAM assay as described in Materials and
Methods. These photographic images were quantitated (D) by computer-assisted morphometry

including the FGF-2 negative control.

14




‘
! A
[}

Table 1: Most Frequently Observed SAGE Tags. Tags correspond to the 10 base pairs of
DNA sequence data immediately following the Nlalll cleavage site. The count refers to the
number of instances the tag appears in the SAGE database. Accession numbers are the GenBank
designations referring to the mRNA identified in the description column.

Tags Predominant in the Soluble Jagged-1 NIH 3T3 Cell Transfectants.

Tag Count Accession Description

TGGATCAGTC 14 M62952 Mus musculus ribosomal protein L19

TAAAGAGGCC 9 UB7770 Mus musculus ribosomal protein S26 (RPS26) mRNA
CCTGATCTTT 8 X06406 Mouse mRNA for translational controlled 40 kDa protein
TGTAACAGGA 8 X04648 Mouse mRNA for 1IgG1/IgG2b Fc receptor (FcR).
TCTGTGCACC 6 U93864 Mus musculus ribosomal protein S11 mRNA
CCAAATAAAA 6 U13687 Mus musculus DBA/2J lactate dehydrogenase-A
CTAATAAAAG 6 X54691 Mouse COX4 mRNA for cytochrome ¢ oxidase subunit
GCCAAGGGTC 5 L08651 Mus musculus large ribosomal subunit protein mRNA
GTCTGCTGAT 5 X75313 M.musculus (C57BL/6) GB-like mRNA.

AAGGAAGAGA 4 X51438 Mouse mRNA for vimentin. -

TGAAATAAAC 4 M33212 Mouse nucleolar protein NO38 mRNA

CACCACCACA 4 X05021 Murine mRNA with homology to yeast L29 ribosomal prot.
CCTCAGCCTG 4 X52886 M.musculus mRNA for cathepsin D.

CTCTGACTTA 4 Y16256 Mus musculus mRNA for basigin

GTGGGCGTGT 4 M33330 Mouse insulinoma (rig) mMRNA

TCCTTGGGGG 4 U60001  Mus musculus protein kinase C inhibitor (mPKCI) mRNA
Tags Predominant in the Control Vector NIH 3T3 Cell Transfectants.

Tag Count Accession Description

CGCCTGCTAG 3 X58251 Mouse COL1A2 mRNA for pro-alpha-2(1) collagen.
AAAAAAAAAA 2 AF0253 Mus musculus tssk-1 and tssk-2 kinase substrate mRNA
AAGCAGAAGG 2 M16465 Mouse calpactin | light chain (p11) mRNA complete
CAGGACTCCG 2 M26270 Mouse stearoyl-CoA desaturase (SCD2) mRNA
GAAGCAGGAC 2 D00472 Mouse mRNA for cofilin

GGATATGTGG 2 M20157 Mouse Egr-1 mRNA

GTTCTGATTG 2 U88588 Mus musculus cdr2 mRNA

15




R
A

A}

REFERENCES

10.

11.

12.

13.

14.

15.
16.
17.

18.

19.

Zimrin, A.B. and Maciag, T. (1996) J.Clin.Invest. 97, 1359-1359
Folkman, J. and D'Amore, P.A. (1996) Cell 87, 1153-1155

Maciag, T., Cerundolo, J., Iisley, S., Kelley, P.R, and Forand, R. (1979)
Proc.Natl. Acad.Sci.USA 76, 5674-5678

Chen, C.H. and Chen, S.C. (1987) Exp.Cell Res. 169, 287-295

Lindsell, C.E., Shawber, C.J., Boulter, J., and Weinmaster, G. (1995) Cell 80, 909-917
Weinmaster, G. (1998) Current Opinion in Genetics & Development 8, 436-442
Carlesso, N., Aster, J.C., Sklar, J., and Scadden, D.T. (1999) Blood 93, 838-848

Milner, L.A., Bigas, A., Kopan, R., Brashem-Stein, C., Bemnstein, I.D., and Martin, D.I
(1996) Proc.Natl.Acad.Sci.U.S.A. 93, 13014-13019

Martin-Zanca, D., Oskam, R., Mitra, G., Copéland, T., and Barbacid, M. (1989)
Mol.Cell.Biol. 9, 24-33

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989) Molecular Cloning, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY

Laemmli, UK. (1970) Nature 227, 680-685

Forough, R., Zhan, X., MacPhee, M., Friedman, S., Engleka, K.A., Sayers, T., Wiltrout,
R.H., and Maciag, T. (1993) J.Biol.Chem. 268, 2960-2968

Velculescu, V.E., Zhang, L., Vogelstein, B., and Kinzler, K.W. (1995) Science 270, 484-
487

Velculescu, V.E., Zhang, L., Zhou, W., Vogelstein, J., Basrai, M.A., Bassett, D.E.Jr,,
Heiter, P., Vogelstein, B., and Kinzler, K.W. (1997) Cell 88, 243-251

Brooks, P.C., Clark, R.A.F., and Cheresh, D.A. (1994) Science 264, 569-571
Jadhav, A., Powell, J., and Mousa, S. (1999) FASEB J. 13,4
Michalopoulos, G. and Pitot, H.C. (1975) Exp.Cell Res. 94, 70-78

Oh, S.J., Jeltsch, M.M., Birkenhager, R., McCarthy, J.E., Weich, H.A., Christ, B., Alitalo,
K., and Wilting, J. (1997) Dev.Biol. 188, 96-109

Zimrin, A.B., Villeponteau, B., and Maciag, T. (1995) Biochem.Biophys.Res.Commun.
213, 630-638

16




21.

22.

23.

24,
25.
26.

27.

Xue, Y., Gao, X., Lindsell, C.E., Norton, C., Chang, B., Hicks, C., Gendron-Maguire, M.,
Rand, E.B., Weinmaster, G., and Gridley, T. (1999) Hum.Mol.Genet. 8, 723-730

Zimrin, A.B., Pepper, M.S., McMahon, G.A., Nguyen, F., Montesano, R., and Maciag, T.
(1996) J.Biol.Chem. 271, 32499-32502

Joutel, A., Corpechot, C., Ducros, A., Vahedi, K., Chabriat, H., Mouton, P., Alamowitch,
S., Domenga, V., Cecillion, M., Marechal, E., Maciazek, J., Vayssiere, C., Cruaud, C.,
Cabanis, E.-A., Ruchoux, M.M., Weissenbach, J., Bach, J.F., Bousser, M.G., and Tournier-
Lasserve, E. (1996) Nature 383, 707-710

Qi, H., Rand, M.D., Wu, X., Sestan, N., Wang, W., Rakic, P., Xu, T, and Artavanis-
Tsakonas, S. (1999) Science 283, 91

Rooke, J., Pan, D., Xu, T., and Rubin, G.M. (1996) Science 273, 1227
Baker, N.E., Mlodzik, M., and Rubin, G.M. (1990) Science 250, 1370-1377

Pear, W.S., Aster, J.C., Scott, M.L., Hasserjian, R.P., Soffer, B., Sklar, J., and Baltimore,
D. (1996) J.Exp.Med. 183, 2283-2291

Gray GE, Mann RS, Mitsiadis E, Henrique D, Carcangiu ML, Banks A, Leiman J,
Ward D, Ish-Horowitz D, Artavanis-Tsakonas S. (1999) Am.J. Pathol. 154, 785-794

17




Figure 1

sol
Jag

IP myc

sol
jag

IP myc
wt

Cell lysates Conditioned Media
wt




vf R N <.,.u oy CORE \ X ,,., N&:
X7 o U AN > f . g q.

s
PN

y ..4.. ¥ , H .
EANRN Y
N ER NI b




2500

2000

1500

1000

500

Cell Number x103 (Mean per well)

—/\— Soluble Jagged

-« 4 - - Vector

2 4 6 8 10
Days After Plating |




' Figure 4




R
Al

Figure 5

)
=4
o

$]19) ELE HIN
payodysuel]
-100FA

§|18] €1€ HIN
palossuel]
pabber s|qnjog

N




